À3
. 3 Besides, Cu 2 O is chemically stable, non-toxic and earth-abundant. 4 This makes Cu 2 O a particularly suitable candidate for thin film solar cells, where high conversion efficiency is required while manufacturing in large-scale at low costs. Oxide based thin film solar cells with Cu 2 O as the absorber layer show a theoretical efficiency around 20% (Ref. 5) while currently reported experimental values remain in the range of 2%-6%. 6, 7 For further understanding and improvement, both the thin film properties (transport, optical, and structural) and interface quality should be investigated.
Fariza et al. 8 have reported on studies of a heterojunction (HJ) between polycrystalline ZnO and Cu 2 O. It was prepared by low-temperature electrodeposition where Cu 2 O is deposited on a Au/Si(100) substrate, followed by deposition of ZnO. The X-ray Diffraction (XRD) measurement results have shown preferential orientations for Cu 2 O and ZnO of being (111) and (0001), respectively. The HJ shows a higher rectification in the current-voltage (I-V) measurement when the ZnO film was deposited at a high cathode current density, where Cu was believed to be formed at the HJ interface due to reduction in Cu 2 O. Chou et al. 9 compared the HJs of magnetron sputtered Al-doped ZnO films on polycrystalline Cu 2 O underlayers with orientations of (111) and (100) prepared by potentiostatic electrodeposition. They demonstrated that the HJ based on Cu 2 O(111) without substrate heating had the highest solar conversion efficiency, $0.07%. 9 Li et al. 10 have shown that the Cu 2 O(111) orientation can be realized by low temperature (<300 C) oxidation of Cu (111) epi-layer grown on single crystal ZnO(0001) using a radiofrequency plasma assisted molecular beam epitaxy (rf-MBE) system. In addition, preferential orientations of polycrystalline Cu 2 O films deposited on fused silica can also be tuned, via the magnetron target power, between (111) and (100) during reactive sputtering.
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In order to elucidate the atomic and electronic structure of the Cu 2 O/ZnO HJ, samples with well-defined, sharp, and non-inclined interfaces are highly desirable. This enables studies with atomic (or sub-atomic) spatial resolution and may unveil the reason for the poor performance of Cu 2 Obased HJ solar cells relative to that expected theoretically. In the present work, Cu 2 O films have been magnetron sputtered on O-and Zn-polar c-axis ZnO single crystal substrates by reactive sputtering and by sputtering from a ceramic Cu 2 O target (ceramic-sputtered). The crystal structure and strain of the films are studied by XRD and the strain reflected in the Cu 2 O lattice constants is compared between the different samples. Further, the crystal structure is also studied by high-resolution scanning transmission electron microscopy (HRSTEM) and especially, a few nm thick interfacial layer of CuO is clearly revealed in all the samples. Such a layer is anticipated to be highly detrimental to the opto-electronic performance of the Cu 2 O/ZnO HJ.
Cu 2 O thin films were deposited on c-axis oriented ZnO single crystal wafers purchased from Tokyo Denpa Co., Ltd., employing a direct current/radio frequency (DC/RF) Magnetron Sputter system (Semicore Triaxis). ZnO substrates (double-side polished, Zn/O polar) were cut into pieces of 5 Â 5 mm 2 and treated in consecutive RT ultra-sonic baths using acetone, isopropanol, and deionized water, 10 min each. Subsequently, the substrates were dried with nitrogen flow and loaded into the deposition chamber. The substrate temperature T S was kept at 400 C during deposition regardless of sputtering method used (reactive sputtering and sputtering from ceramic Cu 2 O target). Other key process parameters are Table I . The base pressure was kept below 4.0 Â 10 À4 Pa at T S ¼ 400 C, and the sample stage was rotated at a constant speed of 12 rpm during the deposition in order to attain a good film uniformity. In this context, it is important to mention that sputtering with closed shutter to the substrate was performed for $5 and $30 min for reactive and ceramic methods, respectively, prior to the actual film deposition (so-called pre-sputtering), and no influence of the deposition time on the resulting film stoichiometry has been found, i.e., steady-state conditions prevail. The films were afterwards characterized by: (1) XRD (Bruker AXS D8 Discover, Cu Ka X-rays) analysis to determine the crystal structures (including the crystal orientation and strain) in normal h-2h scanning mode and to determine the epitaxial relationship through inplane /-scans (PanAlytical Empyrean diffractometer with a 4-bounce Ge(220) Barthels monochromator as primary optics, a 0.27 parallel collimator with 0.04 rad soller slits as secondary optics and a proportional Xe-detector), (2) high resolution scanning transmission electron microscopy (HRSTEM) imaging performed in a FEI Titan G2 60-300 with DCOR C s probe corrector operated at 300 kV. The thin-film cross-section specimens are prepared by tripod wedge mechanical polishing method, 12 followed by ion milling for 1 h in a Fischione 1010 [0001]-oriented ZnO substrates, since Domain Matching Epitaxy (DME) relieves the lattice mismatch strain. 13 The lower growth rate of the ceramic sputtering may promote this growth as it gives the sputtered species more time to relax. 14 However, in this study, we focus on the (111) Cu 2 O preferential growth, and an extensive investigation on the origin of {110} reflections is outside the scope of this work.
The shift of the peak positions from the dashed lines (from powder diffraction file (PDF)) in all diffractograms (Figs. 1(a)-1(f) ) indicate that the Cu 2 O films are strained, with a larger strain in the reactively sputtered films. To further compare strain in the films, the lattice parameter a has been extracted from the XRD patterns assuming a hydrostatic strain, and the results are summarized in Table II . Compared with the value a from powder diffraction (a ¼ 4.2685 Å ), a increases about 1.16% and about 0.76% for the reactively sputtered films when grown on O-and Znpolar substrates, respectively. On the other hand, a increases only by about 0.34% and 0.08% for the ceramic-sputtered films when grown on O-and Zn-polar substrates, respectively. Thus, the reactively sputtered films have a larger strain than the ceramic-sputtered ones, irrespective of the substrate polarity. Especially, the reactively sputtered film grown on O-terminated substrate has the highest strain among all.
In-plane /-scans of the (331)-and ð11 24Þ-reflections of a Cu 2 O reactively sputtered film and the Zn-polar substrate, respectively, are shown in Fig. 2 . The diffractogram reveals complete coherence of the film crystal structure with respect to the substrate. One can notice, however, that the /-scan shows a 6-fold rotational symmetry for the Cu 2 O film, while the [111]-axis is a 3-fold rotational symmetry axis. Detailed TEM studies have shown that this apparent contradiction is due to epitaxial twinning, i.e., the film grows in two separate domains with the crystal structures rotated 180 around the [111]-axis with respect to each other. 15 In addition, similar epitaxial twinning has been reported for other oxide-based epitaxial heterostructures. 16 The HAADF-STEM images in Figs. 3(a) and 3(b) show cross-section views of Cu 2 O/ZnO junctions, where the Cu 2 O films were prepared on O-polar ZnO by reactive and ceramic sputtering, respectively. The thickness of the film is estimated to be $1 lm. A sharp and well-defined junction interface occurs between the substrates and the films, irrespective of the growth method used (see Table I ). The images also reveal columnar growth. However, in the case of ceramic sputtering, the Cu 2 O film is less dense and contains nanosized voids seen as gray speckles, indicated by the arrows in Fig. 3(b) . Similar results were also found for films grown on (111) the Zn-polar substrates. The formation of the nanovoids in ceramic-sputtered films correlates well with the strain unveiled by Fig. 1 , considering that the nanovoids can be a source for relieving the strain. Further, the ZnO/Cu 2 O interface in cross-section was investigated by HAADF-STEM cross-section imaging. Fig. 4 shows a comparison for Zn-polar substrates for reactively and ceramic-sputtered films. In both cases, an interfacial CuO layer is present between ZnO and Cu 2 O (Figs. 4(a) and 4(b) ). For reactive sputtering, this interfacial layer is continuous along the ZnO substrate with a thickness of roughly 5 nm (Fig.  4(a) ), whereas for ceramic sputtering, the nature of the interfacial layer is discontinuous and occurs as separate islands along the ZnO substrate (Fig. 4(b) ). Fast Fourier Transform (FFT) diffractograms from these HRSTEM images (also shown in Fig. 4 ) are consistent with a monoclinic CuO (copper (II) oxide, cupric oxide) phase for the interfacial layer. The presence of such a phase at the Cu 2 O/ZnO hetero-junction interface is mostly detrimental to the performance of a solar cell, 18, 19 CuO has a narrower band gap (E CuO g % 1:2 eV) than Cu 2 O, and the desirable energy band alignment at the Cu 2 O/ZnO HJ to promote the transfer of optically generated minority carriers over the interface is hampered. Moreover, also pinning of the Fermi-level position in the Cu 2 O/CuO/ZnO structure can be anticipated because of interfacial defect states, 19 and the presence of the CuO layer needs indeed to be eliminated for optimum solar cell performance.
It should also be mentioned that the $5 nm interfacial CuO phase is not observed in the XRD patterns due to the small thickness in comparison to the bulk Cu 2 O. The formation of the interfacial layer is expected to be related to the strain at the epitaxial interface with ZnO. The ZnO/CuO interface has a lower mismatch than the ZnO/Cu 2 O interface and it has a better atomistic coherence. It is expected that the interfacial CuO relieves the misfit strain between ZnO and Cu 2 O lattices (7.6%). 8 This can explain the relatively low strain values quoted in Table II 
